Abstract: Many installed solar thermally driven cooling systems suffer from high auxiliary electric energy consumption which makes them not more efficient than conventional compression cooling systems. A main reason for this is the use of non-efficient controls with constant set points that do not allow a chiller power modulation at partial-load and therefore lead to unnecessary high power consumption of the parasitics. The aims of this paper are to present a method to control efficiently solar thermally driven chillers, to demonstrate experimentally its applicability and to quantify the benefits. It has been shown that the cooling capacity of a diffusion absorption chiller can be modulated very effectively by adjusting both the temperature and the flow rate of the cooling water. With the developed approach and the use of optimization algorithms, both the temperature and the flow rate can be controlled simultaneously in a way that the cooling load is matched and the electricity consumption is minimized. Depending on the weather and operating conditions, electricity savings between 20% and 60% can be achieved compared to other tested control approaches. The highest savings are obtained when the chiller is operated at partial load. The presented method is not restricted to solar cooling systems and can also be applied to other conventional heating ventilation and air conditioning (HVAC) systems.
Introduction
Refrigeration and air conditioning of buildings are responsible for about 17% of worldwide electricity consumption [1] . This demand is expected to increase significantly over the next several decades [2, 3] . The main reasons for this development are an increased living standard, a growing population in hot climates, higher internal loads, recent architectural trends with more glass in the building envelope, and, last but not least, the rising temperatures induced by anthropogenic climate change. Therefore, it is a far-sighted decision to cover this cooling energy demand with energy efficient and low-carbon technologies avoiding future reinforcement of anthropogenic climate change. The European Union addresses these issues with binding legislations like the "2030 climate and energy framework" [4] from 2014 and the "EUROPE 2020" strategy from the year 2010. The first one aims to a 40% reduction of the greenhouse gas emissions (from 1990 levels) until the year 2030, a share of 24% for renewable energy and an increase in energy efficiency of about 27%. In this regard, efficiency measures are crucial in the building cooling sector in order to achieve these ambitious objectives.
Solar thermal cooling systems (STCS) are an interesting option for the cooling of buildings under many boundary conditions and should always be considered as an alternative in the planning phase of a building project [5] [6] [7] . In contrast to compression chillers, thermally driven chillers (TDC) primary energy savings compared to conventional control strategies (without variable set point controls). However, the robustness of such algorithms in real controllers still needs to be proven.
In this paper, based on the mentioned works, a method that allows for controlling the cooling capacity of the thermally driven chiller, and, at the same time, minimizing the electricity consumption is presented. Since the heat rejection is responsible for more than 60% of the total electricity consumption, this paper will focus on the control of the cooling water pump and the cooling tower fan [19] . The method is then applied in an experimental set-up to control a small scale diffusion absorption chiller coupled with an open wet cooling tower. Depending on the ambient conditions (weather and temperatures), electricity savings between 20% and 60% can be achieved compared to other tested control approaches. Figure 1 shows a simplified hydraulic scheme of a solar thermal cooling plant with the main energy flows and the nomenclature that will be used in this work. The main component of such systems is the TDC since it provides the cold to the building. The cooling capacity of the chillerQ LT can be influenced by acting on the operating conditions of temperature and flow rates at the three temperature levels: high temperature HT, middle temperature MT and low temperature LT. The hot water temperature T HT is mainly determined by the available solar irradiation but can be influenced by controlling the solar pumps and/or by using a mixing valve between the hot storage and the chiller [9] . The chilled water temperature T LT is usually fixed in a certain range by the cooling distribution system of the building. The heat rejection or cooling water temperature T MT can be controlled by adjusting the speed of the cooling tower fan and/or the cooling water pump. The minimum achievable heat rejection temperature is the ambient temperature T amb if dry coolers are used and the wet bulb temperature T wb in case of wet cooling towers. The present work focuses on the control of the heat rejection since it is the highest power consumer. Consequently, only the control of the cooling water flow rate and the temperature is considered. As mentioned previously, a major drawback of conventional control strategies is the lack of control of the chiller's cooling capacity. Therefore, the main goal of the control strategies developed in this paper is to adjust the chiller cooling capacityQ LT to the building cooling load, i.e. to provide chilled water at a given set temperature T set . The required cooling capacityQ LT,req can be calculated according to Equation (1) if the flow rateV LT and the temperature T LT of the chilled water are known (measured):
Methodology

Control Approach
In the following, three different control strategies able to fulfill that goal (Equation (1)) are proposed. This paper does not focus on the ON/OFF operation of the main components but on the optimisation of the main controlled parameters (temperature and flow rate) of the heat rejection loop during operation.
Investigated Control Strategies
The volumetric flow rates of the hot and chilled waterV HT andV LT are constant for all described control strategies.
Mode 1
The cooling water flow rateV MT is kept constant. The cooling water temperature T MT is controlled by adjusting the cooling tower fan speed (proportional integral (PI) controller) in a way that the cooling load is matched (Equation (1)). An additional equation that expresses the cooling capacity of the chiller (at steady state) in the functioning of the main operating conditions of temperatures and flow rates is needed to calculate the cooling water temperature set point dynamically (Equation (2)):
Equation (2) might be of a different nature: an expression with a physical meaning like the characteristic equation of sorption chillers [14] or any kind of correlation. Within this work, a polynomial expression has been fitted with measurement data using the least square method (see Section 3.2 and Appendix B). The required cooling water temperature set point that allows the chiller to meet the cooling demand is derived from Equations (1) and (2) . Depending on the complexity of Equation (2) , an iteration process is needed or not.
Mode 2
The cooling tower fan speed is controlled (PI controller) to provide a constant cooling water temperature to the chiller. The cooling water flow rate is controlled by adjusting the pump speed (PI controller) in a way that the cooling demand is matched. Again, the required flow rate is calculated from Equations (1) and (2).
Mode 3
In this mode, both cooling water temperature and flow rate are simultaneously controlled in a way that the cooling load is matched (Equation (1) fulfilled) and at the same time that the total power consumption is minimised (Equation (3)).
The principle of this control strategy is illustrated in Figure 2 . At given operating conditions (temperatures and flow rate of hot and chilled water) and ambient conditions (wet bulb temperature), the actual cooling load can be matched in a way that the total system power consumption is minimised by adjusting both the cooling tower fan and pump speed. The duty of the controller algorithm is to find this optimum point. The flow chart of the algorithm used to find the optimum is shown in Appendix A.
In order to do so, additional equations that describe the part-load behavior of both the chiller and the cooling tower (Equations (4)- (6)) as well as the relationship of the pump and fan speed to the power consumption are required (Equations (7) and (8)):
The thermal power of the heat rejection unitQ MT depends on the temperature entering the cooling tower T CT and the flow rate of the cooling waterV MT , on the wet bulb temperature T wb (for wet cooling towers) and on the fan frequency f f an . Again, different kinds of models can be used. In this work, polynomial expressions have been fitted with measurement data using the least square method (see Section 3.2 and Appendix B). Both cooling water set points (temperature and flow rate) are determined by using Equations (1)- (8) in an optimization procedure so that Equation (1) is fulfilled and Equation (3) is minimized. Table 1 gives an overview of the three control strategies. 
Overview
Performance Indicators
The overall system efficiency at a given instant t is given by the energy efficiency ratio (EER), which is defined as the ratio of the chiller cooling capacityQ LT to the actual system power consumption (Equation (9)). The system efficiency over a period of time ∆t = t 1 − t 0 is called average energy efficiency ratio (AEER) and is obtained by integrating the EER over the time (This indicator would be the daily equivalent of the so-called Seasonal Energy Efficiency Ratio (SEER)). These performance indicators will be used to compared the investigated control strategies:
AEER (t 0 , t 1 ) =
3. Experimental Set-Up 3.1. Description
Hardware Components
The main hardware components of the experimental set-up are shown schematically in Figure 3 . The central component is a diffusion ammonia/water absorption chiller as the last version of several prototypes developed at the Stuttgart University of Applied Sciences [20] . The particularity of such technology is that the chillers do not need electricity to run the refrigerant cycle internally. The internal circulation of the solution is realized with a thermally driven pump also called bubble pump and the refrigerant is circulated through buoyancy effects. The designed cooling capacity is 5 kW th , but, for this work, the internal pressure and the solution concentration have been modified in order to operate the chiller with lower driving temperatures and higher heat rejection temperatures. With these modifications, the maximal cooling capacity is lower (around 3.8 kW th at T HT = 95 • C, T MT = 20 • C and T LT = 18 • C). The heat rejection is performed with a large open wet cooling tower of 40 kW th maximum heat rejection capacity (for T CT = 27 • C and T wb = 21 • C) and 0.43 kW el fan maximal power consumption. The cooling water pump (P MT ) has been oversized (1.5 kW el ) to compensate the high pressure drops of the laboratory hydraulics, which are due to monitoring and investigation purposes and are unnecessary in the case of real systems. For this work, the maximum pump power consumption has been reduced to 0.4 kW el , thus it is more conform to typical values for such a system size [21] . The cooling water coming from the cooling tower flows first into the condenser and then in the absorber (serie configuration). At the outlet of the absorber, a part of the cooling water can be sent to the dephlegmator via a diverter valve. This valve is controlled in a way to provide a constant temperature of the ammonia vapour entering the condenser (50 • C). The solar system and the building cooling load are simulated with two electrical heaters (with integrated pumps) of 24 and 6 kW el maximal heating capacity, respectively. Both electrical heaters use internal PI controllers to adjust their respective temperature set-points. The daily profiles used for the measurement are detailed in Section 3.3.
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Measurement Devices
The temperatures of the three external circuits are measured with 4-wires PT100 sensors (1/3 DIN Class B) at the inlet and outlet of all the main components. The volumetric flow rates are measured with magnetic inductive (MID) flow meters and the ambient air conditions with a combined temperature and humidity sensor. The power consumption of the cooling water pump and cooling tower fan are measured with electricity meters. The accuracy of the measurement devices are shown in Table 2 . When a quantity Y is obtained from calculations involving measured data (x 1 , x 2 , ...), the uncertainty of this quantity U Y is estimated assuming that individual measurement are uncorrelated and random by using a Gaussian distribution (Equation (11)):
Data Acquisition and Control
The data acquisition of the measured data was realized every 10 s with a data logger Agilent 34970A (Agilent Technologies, Inc., Santa Clara, USA). The visualization and the control have been done using Labview version 2010 (National Instruments Corporation, Austin, Texas, USA). The algorithms of the investigated control strategies have been programmed in Fortran and called from Labview. The speeds of the cooling water pump and cooling tower fan were PI controlled by the means of two frequency inverters piloted with a real-time controller cRIO-9024 (National Instruments Corporation, Austin, Texas, USA) coupled with Labview.
Characterization of the Main Components
The absorption chiller and the cooling tower have been tested under different operation conditions (of temperatures and flow rates) in order to elaborate a steady state performance map of the respective components. The operation variables like temperatures and volume flows have been measured and the corresponding values of the thermal powersQ x have been calculated using the following formula:
The validity range of these performance maps as well as the steps used for the characterization are shown in Table 3 . The steady state was assumed when the observed temperature changes at components outlet was less than 0.1 K (usually after about 10 min). From the measured performance maps, the characteristics equations that describe the part-load behaviour of both the chiller (Q LT andQ HT ) and the cooling tower (Q MT ) have been fitted. The mathematical form of these equations as well as the quality of the obtained fits are detailed in the Appendix B. In addition, second-degree polynomial functions have been derived to express the power consumption of the fan and the pump in function of the frequency speed (as shown in Equations (7) and (8)). Table 3 . Validity range of the chiller and cooling tower performance maps.
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Investigated Daily Profile
In order to compare the different control strategies, a daily profile of irradiation (in the form of the hot water temperature) and building load has been fixed as shown in Figure 4 . The defined hot water temperature T HT profile corresponds to the output of about 25 m 2 of efficient solar thermal collectors (coupled with a 500 litres hot water storage) during a clear sunny day. This temperature has been limited to 100 • C since, above this temperature, the performance of the chiller (with this solution concentration and this internal pressure) decreases significantly. In practice, this temperature adjustment can be realized by the means of a mixing valve. This temperature has been used as set-point for the first electrical heater. In addition, a typical building load of an office building has been defined with a maximal cooling capacity of 3.2 kW th and a constant return temperature of 18 • C (set-point used for the second electrical heater). The different control strategies have been tested for this defined profile under different ambient conditions of humidity and temperatures. Only the period between 10:00 and 16:00 has been evaluated since the bubble pump of the diffusion absorption chiller works only above 90 • C, which can be provided during a sunny day by the defined solar thermal plant when the irradiance reaches about 700 W·m −2 . An additional power consumption of 0.23 kW el is added to the measured electricity in order to account for the additional pumps which are not included in the experimental set-up (solar and hot water pumps). Figure 5 shows, by way of example, the daily measurement results of the three control strategies with comparable ambient conditions (T wb = 19-21 • C). The plots on the left-hand side show the measured ambient temperature T amb , wet bulb temperature T wb , inlet cooling water temperature to the chiller T MT and the measured cooling water flow rateV MT . The plots on the right-hand side show the power consumption of both the fan P el, f an and the pump P el,pump as well as the chiller cooling capacityQ LT . On the left side the ambient conditions (T amb and T wb ) and the set point variables T MT andV MT of the heat rejection circuit are drawn. The plots on the right side show the measured electrical consumptions (P el, f an and P el,pump ), the virtual cooling loadQ LT,req and actual chilled cooling capacityQ LT Figure 5 . Results of the three control strategies on different days with comparable conditions (T wb around 19-21 • C). On the left side, the ambient conditions (T amb and T wb ) and the set point variables T MT andV MT of the heat rejection circuit are drawn. The plots on the right side show the measured electrical consumptions (P el, f an and P el,pump ), the virtual cooling loadQ LT,req and actual chilled cooling capacityQ LT .
Results
Experiments
In mode 1 (two top plots in Figure 5 ), the cooling water is kept constant to around 2.7 m 3 · h −1 and the cooling water temperature is controlled in order to match the cooling load. At around 10:00, this temperature is set to around 28 • C so that the chiller can provide the 2.2 kW necessary. This temperature is then reduced progressively to 25 • C (by increasing the cooling tower fan speed) until the cooling load reaches its maximum (at 14:00) and is then again increased when the cooling load decreases. With this strategy, the cooling load can be matched very nicely during the whole day (at least in the case of the investigated chiller). In the case of mode 2 (two plots in the middle in Figure 5 ), the cooling water temperature set-point is fixed to 27 • C and the flow rate is controlled in a way to match the cooling load. The flow rate is set to its minimum (1.8 m 3 · h −1
) at the beginning of the day (10:00) and is increased progressively with the rising cooling load. At around 12:30, the flow rate is set to its maximum so that the chiller cannot further meet the demand. This strategy suffers a lack of chiller power modulation for the allowed flow rate modulation range (and the investigated chiller).
For mode 3 (two plots below in Figure 5 ), both flow rate and temperature are controlled simultaneously in a way to match the load and to minimize the system power consumption. Both pump and fan are operated at reduced speed at the beginning of the day and are increased (or reduced) progressively in order to cope with the increasing (or reducing) cooling demand. It can be seen that the chiller did not fully match the cooling load. This can be explained by the fact that, on this specific day, the chiller start (before 10:00) did not happen as expected. The bubble pump of the chiller collapsed during the starting phase so that higher driving temperatures have been applied to the chiller in order to keep it running. As a result, the internal chiller pressure increased and the behaviour of the chiller was slightly different as measured during the characterization. This shows the importance of the characteristic equations in such a controlled approach. Other measurements show that this problem does not occur with a normal starting phase (see Appendix C). Despite the mentioned problem, the total system performance can be significantly increased with this control approach (as shown in the next section), although the ambient conditions were much warmer, as for modes 1 and 2 ( Figure 5 ).
Performance Assessment
The electricity consumption of the cooling tower fan and the cooling water pumps as well as the resulting AEER for the three presented days ( Figure 5 ) are shown in Figure 6 . It can be seen that mode 2 is not as efficient as the other two modes (AEER = 4.3). The main reason is a too high electricity consumption of the pump that is not justified by a gain in chiller cooling output. Mode 1 and mode 3 allow an efficient system operation with an AEER of 5.2 and 6, respectively. The chiller cooling power can be modulated very efficiently by adjusting the cooling water temperature. With mode 3, the efficiency can be further increased by reducing the pump power. This effect is much larger at partial load, as can be seen in Figure 7 . The efficiency of mode 3 is the highest at partial load and gets closer to the efficiency of mode 1 when reaching the maximal load. Whereas the efficiency of mode 2 is high at extreme partial load, it drops dramatically when increasing the chiller capacity (due to the lack of power modulation).
More experiments than these three days have been carried out. The daily AEER of all measurements are plotted in Figure 8 over the daily mean wet bulb temperature T wb . Since mode 2 did not show promising results, less measurement have been performed with this mode. On the contrary, mode 3 has been extensively tested. As expected, the system efficiency of each modes increases with decreasing daily average T wb . Figure 8 confirms the results of the three example days presented previously. Mode 3 is the most efficient with 20% and 60% AEER increase compared to mode 1 and 2, respectively. Figure 5 . The AEER HR is the average energy efficiency ratio that considers only the measured power consumption of the heat rejection system (pump and fan). 
Conclusions
In this work, a new method for the control of solar thermally driven chillers with power modulation and optimization is proposed. It has been successfully implemented to control the cooling capacity of a diffusion absorption chiller, and the overall electrical performance has been assessed experimentally. Although this work focuses on the control of the heat rejection, the proposed method can be applied to other system parts or even to other HVAC systems as soon as the partial load behaviour of main system parts is known (and can be characterized). The implementation of such control strategies in real systems only requires modification of the control algorithm (software) without any additional hardware costs if speed controlled pumps and fan are used. The results presented in this paper show very promising results. The implementation of such control strategies in real systems has been proven to be feasible without any particular problems. The obtained daily overall system efficiencies with the third control strategy (AEER above 6) are satisfactory despite the relatively low thermal performance of the investigated chiller [20] . Further investigations are required in order to demonstrate the reliability of such a control approach and extend its implementation in real systems. A good characterization of the main system components as well as reliable optimization algorithms are crucial for the robustness of such controls. In this regard, long-term field experiences are needed in order to test the reliability of such controls and identify further problems. 
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AEER
The flow chart of the used optimization algorithm for one acquisition time step of mode 3 is shown in Figure A1 . The variation range of the cooling water flow rateV MT is segmented in a certain number of elements. The required cooling water temperature T MT,i and the associated system power consumption P el,tot,i are calculated for each element i. The required set-points T MT andV MT are determined according to the element with the minimum electricity consumption P el,tot,i . Since the optimum has a relatively flat shape (see Figure 2 ), a high accuracy (i.e., a high number of elements) is not required. 
Appendix B
The derived characteristic equations of the chiller (Equations (B1) and (B2)) and the cooling tower (Equation (B3)) are based on cross correlated third-degree polynomial functions. In order to reduce the number of fitting coefficients, the chiller temperature lift ∆T L = T MT − T LT and temperature thrust ∆T T = T HT − T MT have been introduced. The accuracy of the obtained fits and the resulted standard deviation σ x is shown in Figure B2 : Figure C1 shows that the cooling load can be matched with the third control strategy if no problems occur in the starting phase. For this specific day, due to lower ambient conditions (T wb around 18-19 • C), the optimized strategy was to operate the pump with low flow rate and increase the cooling tower fan speed in order to cover the load. The obtained AEER was 6.2 ± 0.4. 
Appendix C
